To investigate the functional role of subsites E and F in lysozyme catalysis, Asn37 of hen egg-white lysozyme (HEL), which is postulated to participate in sugar residue binding at the right-sided subsite F through hydrogen bonding, was replaced by Ser or Gly by sitedirected mutagenesis. The mutations of Asn37 neither significantly affected the binding constant for chitotriose nor the enzymatic activity toward the substrate glycol chitin. However, kinetic analysis with the substrate Nacetylglucosamine pentamer, (GlcNAc) 5 , revealed that the conversion of Asn37 to Gly decreased the binding free energies for subsites E and F, while the conversion to Ser increased the substrate affinity at subsite F. It was further found that the rate constant of transglycosylation was reduced by these mutations. These results suggest that Asn37 is involved not only in substrate binding at subsite F but also in transglycosylation activity. No remarkable change in the tertiary structure except the side chain of the 37th residue was detected on X-ray analysis of the mutant proteins, indicating that the alterations in the enzymatic function between the wild type and mutant enzymes depend on limited structural change around the substitution site. It is thus speculated that the slight conformational difference in the side chain of position 37 may affect the substrate and acceptor binding at subsites E and F, leading to lower the efficiency of the transglycosylation activities of the mutant proteins.
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Hen egg-white lysozyme (HEL; EC 3.2.1.17) is one of the most structurally well-characterized carbohydrate hydrolases. The three-dimensional structures of both the uncomplexed state 1) and the complex state with (GlcNAc) 3 2) have been found by X-ray crystallographic studies. The structure in solution has also been investigated by two-dimensional 1 H nuclear magnetic resonance methods.
3) The substrate binding site of HEL contains six subsites, A-F, and the -1,4-glycosidic linkage located between sites D and E is hydrolyzed through the conventional acid catalytic reaction of Glu35 and Asp52. 4, 5) This enzyme has been recognized to catalyze transglycosylation in addition to hydrolysis. [6] [7] [8] However, the molecular mechanism underlying the highly efficient transglycosylation remains unknown. The origin of this high efficiency is, at present, one of the most fundamental questions on lysozyme catalysis. Since the binding of the acceptor molecule to subsites E and F should be necessary for transglycosylation, it is important to understand the functional role of subsites E and F in lysozyme catalysis. The characteristics of substrate binding on lysozyme has been extensively investigated for subsites A to D, 9, 10) the upper region of the binding cleft. As for the lower saccharide binding site (E-F sites), a direct observation of polysaccharide binding to subsites E and F has not been done yet due to the cleavage of the hexasaccharide during the crystal growth time, and interactions at these sites have been inferred from model building.
A catalytic study of several avian lysozymes with amino acid substitutions suggested that subsites E and F participate in the enzymatic action of lysozyme.
11) A conformational energy calculation and a monoclonal antibody binding experiment indicated that there are two binding modes for (GlcNAc) 6 in subsites E and F, that is, left-sided and right-sided binding modes. 12, 13) In HEL, Arg45, Asn46, and Thr47 are responsible for the left-sided binding, while Phe34, Asn37, and Arg114 are for the right-sided binding. From model-building studies on the interaction of sugar residues with subsites E and F, the side chain amide nitrogen of Asn37 in HEL is postulated to interact with hydroxyl oxygen at position 6 of a sugar ring in subsite F.
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The asparagine at position 37 is replaced by serine and glycine in homologous lysozymes from duck and human, respectively. Recently, we reported the different enzymatic reactions between duck egg-white lysozyme and HEL against the substrate (GlcNAc) 5 , and showed that the substitution of Asn37 in HEL with Ser is responsible for the different kinetic properties between DEL and HEL. 14) In addition, analysis of the reaction time-courses for the N37S mutant revealed that this mutation affects the binding free energy for subsite F and the rate constant of transglycosylation. These results suggested that besides a specific interaction with a sugar residue bound to subsite F, Asn37 in HEL may play an important role in transglycosylation. Therefore, a detailed study of Asn37 in HEL may provide insight into understanding the molecular mechanism of the high efficiency of transglycosylation.
In this study, to investigate the functional role of subsites E and F in detail, we characterized the enzymatic properties of the Asn37-mutated enzymes including a newly synthesized mutant, in which Asn37 was replaced by Gly, using glycol chitin and (GlcNAc) 5 as substrates in comparison with the wild type enzyme. Furthermore, X-ray crystallographic analysis of the two mutant enzymes was done to reveal the structural effects of these mutations.
Materials and Methods
Materials. All enzymes used for genetic engineering were purchased from TaKaRa (Kyoto, Japan) or Toyobo (Osaka, Japan). Oligonucleotide DNA primers were synthesized by Hokkaido System Science (Sapporo, Japan). HA94-1, which contains HEL cDNA in a cloning vector M13 mp18 derivative, was used as a starting material for mutagenesis. E. coli strain JM109 was used for the transformation and propagation of recombinant plasmids. Multi-Copy Pichia Expression kits, including the expression plasmid pPIC9K and host strain GS115, were obtained from Invitrogen (CA, USA). Glycol chitin, a synthetic substrate of lysozyme, was prepared as described previously. 15) Other reagents were of analytical grade.
Preparation and purification of mutant proteins. The megaprimer method for site-directed mutagenesis 16 ) was used to introduce mutations, HA94-1 serving as a template. The construction of a mutant gene encoding a N37S substitution was previously reported. 14) An oligonucleotide primer used for a N37G substitution was 5 0 -GAGAGTGGCTTCAACACCCAG-3 0 . The mutations in the lysozyme genes were confirmed by DNA sequencing. Expression and purification of the mutant proteins were done as reported for recombinant HEL. 14) Protein concentrations were measured with a BCA protein assay reagent (Pierce) using authentic HEL as a standard protein.
Circular dichroism (CD) spectra. Circular dichroism (CD) spectra were obtained at 25 C with a Jasco J-820 spectropolarimeter. Proteins were dissolved to a final concentration of 0.15 mg/ml in 10 mM sodium acetate buffer (pH 5.0). The data were expressed in terms of mean residue ellipticity. The path-length of the cells was 0.1 cm for far-ultraviolet CD spectra (200-250 nm).
Substrate binding. Constants of binding to (GlcNAc) 3 were measured by the fluorescence method, as described previously.
14) The fluorescence spectra of enzymeinhibitor complex were measured in 10 mM acetate buffer (pH 5.0) at 30 C, using a Hitachi F-4500 fluorescence spectrophotometer.
Enzymatic activities of lysozyme. The activity against glycol chitin was measured basically according to the method of Yamada and Imoto 15) by measuring the amount of released reducing groups and expressing them as an activity relative to wild type enzyme. Glycol chitin (0.05% (w/v)) was incubated with or without lysozyme (2.5 M) at 50 C for 45 min in 50 mM sodium acetate buffer (pH 5.0). The enzymatic activity toward (GlcNAc) 5 was measured by the method of Masaki et al. 17) with a slight modification. Namely, the reaction mixture containing 0.1 mM lysozyme and 1 mM (GlcNAc) 5 , was incubated in 10 mM sodium acetate buffer (pH 5.0) at 50 C. After a given reaction time, 200 l of the reaction mixture was withdrawn and rapidly chilled in the KOOL KUP (Towa Co., Japan). The reaction mixture was centrifuged with Ultrafree C3LCC (Millipore Co., USA). The filtrate was lyophilized. The dried sample was dissolved in 50 l of icecold water, and then 10 l of the solution was applied on TSKgel G-Oligo-PW column (7:8 Â 600 mm, Tosoh Co., Japan) using a JASCO 800 series HPLC. Elution was done with distilled water at room temperature and the flow rate of 0.3 ml/min. Each chitooligosaccharide concentration was calculated from the peak area monitored as to ultraviolet absorption at 220 nm, using the standard curve obtained for authentic saccharide solutions. The relative error was defined as ðy À xÞ=x Â 100, where x is the concentration of initial substrate and y is the recovered concentration of all chitooligosaccharides in (GlcNAc) 1 units.
The rate equation of the lysozyme-catalyzed reaction on initial substrate (GlcNAc) 5 was numerically solved to obtain the calculated time-courses. A kinetic model of the lysozyme-catalyzed reaction of chitooligosaccharides has been reported, [17] [18] [19] and is schematically presented in Fig. 1 . In the calculation, the rate equations were solved repeatedly while changing the values of the binding free energies or the rate constants, k þ1 , k À1 , and k þ2 , so that the calculated time-courses fitted those experimentally obtained.
Crystallization and data collection. Crystallization trials were done at 293 K using the sitting-drop vapor diffusion method by mixing 5 l of lysozyme solution (15 mg/ml protein, 10 mM sodium acetate buffer) with 5 l of reservoir (0.9 M NaCl, 0.1 M sodium acetate buffer, pH 4.2). After several days crystals suitable for X-ray measurement were obtained. The mutant lysozymes gave crystal isomorphous with that of the wild type. All the crystals were in a tetragonal system with space group P4 3 2 1 2. X-ray diffraction data for all proteins were collected using a Rigaku R-AXIS VII Imaging Plate detector equipped with MicroMax007 generator operated at 40 kV and 20 mA. The crystal was mounted in nylon loops and flash-frozen under a liquid nitrogen stream. The data were processed and scaled using the Rigaku Crystal Clear program package.
Structure analysis and refinement. The structures (wild type, N37G, and N37S) were refined using the program CNS. 20) As the starting model for structural analysis, the deposited protein coordinates for HEL (Protein Data Bank, entry code 193L) without solvent molecules were used. Iterative cycles of structure refinement were done using conjugate gradient minimization and restrained individual isotropic temperaturefactor refinement method implemented in program CNS. Manual rebuilding of the model was done with the graphics program O 21) based on 2jF o j À jF c j and jF o j À jF c j electron density maps. Mutations (Asn37 to Gly and Asn37 to Ser) were incorporated in the model using the program O by observing the electron density map. Solvent molecules were added to the model and inspected manually during refinement. Refinement and model statistics are summarized in Table 3 .
Results and Discussion
Expression and characterization of mutant enzymes On the basis of the results of model building experiments, Asn37 is thought to contribute to the binding of a sugar residue at the right-sided subsite F through hydrogen bonding.
2) To investigate the functional role of subsites E and F in lysozyme catalysis, we prepared two Asn37 mutant enzymes (N37G and N37S) as described in ''Materials and Methods'' and characterized their enzymatic properties. The yields of the mutant enzymes were comparable to that of the wild type enzyme, approximately 25 mg/liter. The purity of the mutant enzymes was confirmed by SDS-PAGE (data not shown). The N-terminal amino acid sequences of the purified mutants were identical to that of the wild type. The CD spectra in the far-UV region did not show any gross difference between the wild type and mutant enzymes, indicating that the mutations do not perturb the backbone structure of HEL (data not shown).
Substrate binding properties of mutant enzymes
In lysozyme, the fluorescence intensity derived from Trp residues in subsites A-C (Trp62, Trp63, and Trp108) reflects the microenvironments of these sites. [22] [23] [24] To further confirm that no structural changes around subsites A-C were induced by each mutation, we analyzed the fluorescence spectra of the mutants caused by the Trp residues with and without (GlcNAc) 3 , and compared them with that of the wild type. Table 1 summarizes the dissociation constatnt (K d ), association constant (K a ), and binding free energies for Fig. 1 . Reaction Scheme for the Lysozyme-catalyzed Reaction of (GlcNAc) 5 .
In this scheme, k þ1 , k À1 , and k þ2 are the rate constants for cleavage of the glycosidic linkage, transglycosylation, and hydration, respectively.
binding of (GlcNAc) 3 . No remarkable change in affinity to (GlcNAc) 3 was found among the three enzymes.
Since the substrate analog, (GlcNAc) 3 , binds predominantly to subsites A-C in ratio of 99% without hydrolysis, 23) these results indicate that the structure around subsites A-C of lysozyme is not alterd by these mutations.
Effects of mutations on enzymatic activities toward glycol chitin
The enzymatic activities of the Asn37-mutated enzymes were first measured with an artificial substrate, glycol chitin, and expressed as relative values to the wild type enzyme (Table 1 ). The mutation of Asn37 to Gly, in which the hydrogen bond between the side chain of Asn37 and substrate is lost, had little effect on the enzymatic activity toward glycol chitin: the relative activity of this variant was slightly higher than that of the wild type, exhibiting 114% activity. A similar result was also obtained for the N37S mutant. The enhanced activity observed for the mutant enzymes suggests that the smaller size of the side chain at the 37th position of HEL may be more favorable for the hydrolytic activity toward glycol chitin, which possesses a bulky residue at position 6 of the sugar component. These results indicate that Asn37 in HEL is not essential for the hydrolytic activity toward glycol chitin.
Experimental time-courses of the reaction catalyzed by mutant enzymes
Since lysozyme has high transglycosylation activity in addition to hydrolysis, the enzyme activity cannot simply be evaluated from the hydrolytic activity toward a polymeric substrate, glycol chitin. When investigating the lysozyme-catalyzed reactions in detail, it is important to examine the experimental time-courses of oligomeric substrate degradation and product formation, because much information on the lysozyme catalysis, such as substrate binding and transglycosylation, can be obtained. 25) The time-course analysis with the substrate (GlcNAc) 5 reflects not only the hydrolysis of initial substrate but also the transglycosylation involving the smaller oligosaccharides, acceptors, produced by the cleavage of the substrate and product, and enables us to evaluate the effects of amino acid substitutions at subsites by computer simulation analysis. [17] [18] [19] Therefore, we analyzed the reaction time-courses of (GlcNAc) 5 degradation catalyzed by the mutant enzymes.
The experimental time-courses of the wild type and mutant enzymes for (GlcNAc) 5 are shown in Fig. 2A . In the wild type-catalyzed reaction, the order of the amounts of the products were (GlcNAc) 1 > (GlcNAc) 2 > (GlcNAc) 4 > (GlcNAc) 3 . The timecourses of the N37G mutant had profiles quite similar to those of the wild type, except that the amounts of (GlcNAc) 1 and (GlcNAc) 4 were slightly increased as compared to those of the wild type. The observation that there is little difference in the reaction time-courses between the wild type and the N37G mutant suggests a small contribution of hydrogen bonding between Asn37 and the sugar residue at subsite F to lysozyme catalysis. In contrast, the profiles of the time-courses of the N37S mutant differed greatly from that of the wild type; the enhanced production of (GlcNAc) 2 and the reduced production of (GlcNAc) 1 and (GlcNAc) 4 were observed in this mutant when compared with the wild type. This suggests that the hydrogen bonding interaction between Asn37 and the sugar residue at subsite F might be rearranged by the Asn to Ser mutation. Consequently, the order of the amounts of (GlcNAc) 1 and (GlcNAc) 2 for the N37S mutant was reversed in comparison with that of the wild type.
Estimation of the reaction parameters of mutant enzymes
The experimental time-courses of the mutant proteins were then analyzed by computer simulation in order to obtain the rate constants and the binding free energy values of the individual subsites. The calculated timecourses are shown in Fig. 2B and the reaction parameters obtained are summarized in Table 2 . The binding free energy values for subsites A-D, the rate constant k þ1 for cleavage of the glycosidic linkage, and the rate constant k þ2 for hydration were identical between the wild type and mutant enzymes. This is consistent with the fact that the affinities to (GlcNAc) 3 and the hydrolytic activities against glycol chitin were unaffected by the replacement of Asn37. On the other hand, the binding free energy values for sites E and F for the N37G mutant were observed as À2:4 kcal/mol and À1:4 kcal/mol, respectively, both being À0:1 kcal/mol lower than the respective wild type values. As for the N37S mutant, the binding free energy value for subsite F was found to be À1:7 kcal/mol, which is À0:2 kcal/mol higher than that of the wild type. These results suggest a favorable location of the side chain of the substituted Ser37 to interact with the sugar residue at subsite F in the N37S mutant.
Furthermore, the value of the rate constant of transglycosylation, k À1 , was decreased to 35.0 s À1 and 30.0 s À1 for the N37G and N37S mutant enzymes, respectively (Table 2 ). This suggests that Asn37 is likely involved in the transglycosylation activity of HEL. It was thus anticipated that the substitution of the Asn residue gives rise to certain structural changes which may contribute to affect the transglycosylation activities of the mutant enzymes.
Structural analysis of the position 37 mutant enzymes by x-ray crystallography
In order to obtain information about the structural effects of the replacement of Asn37, which was found to affect both the binding free energies for subsites E and F and the rate constant of transglycosylation, we analyzed the structures of the wild type and two position 37 mutant enzymes using X-ray crystallography. The crystallographic data and refinement statistics for the Table 2 . Numerals in the figures are the polymerization degree of the reaction product species. wild type and mutant enzymes are summarized in Table 3 . The root-mean-square (RMS) deviations of the main chain atoms (N, C, C, and O) were less than 0.5 # A between the wild type and mutant enzymes (Fig. 3) . The superimposed structures of these lysozymes around subsites E and F including 37th residue are shown in Fig. 4 . Neither global change in the conformation of main chain nor significant change in the conformation of side chain was observed between the wild type and mutant enzymes except the difference of 37th residue. Therefore, the replacement of Asn37 did not significantly affect overall or local folding of the mutant proteins. These results, together with the fact that the binding affinity toward (GlcNAc) 3 was not changed significantly, strongly indicate that limited structural change around position 37 would lead to the differences in the enzymatic function between the wild type and mutant enzymes. Figure 5 shows the orientation of the side chain groups of Lys33 and the 37th residue for the wild type and the N37S mutant. In the wild type structure, the amide oxygen atom of Asn37 was found to form a hydrogen bond with the amine group of Lys33 (NÁ Á ÁO distance, 2.84 # A). As a result of this hydrogen bond, the direction of the side chain amide group of Asn37 might be fixed for substrate binding at the right-sided subsite F. On the other hand, the hydrogen bonding interaction provided by Lys33 was lost due to the mutation (N37S: NÁ Á ÁO distance, 5.67 # A): the side chain hydroxyl group of the substituted Ser37 rotated ca. 90 degree around C -C bond when compared with the direction of amide group of Asn37. Thus, the resulting conformational change around position 37 is considered to affect the affinity of the substrate for subsite F in the mutant enzyme. Although it is premature to discuss it precisely without knowing the crystal structure of the mutant enzyme in complex with (GlcNAc) 6 , the slight conformational difference in the side chain of position 37 may make possible for a favorable interaction between the serine hydroxyl group and the sugar residue at subsite F, which may explain the substantial increase in substrate affinity at subsite F (À0:2 kcal/mol) observed for the N37S mutant. No marked local conformational changes were also found in the N37G mutant, which has no side chain at position 37. We consider that the lack of the specific interaction between Asn37 and the sugar residue at subsite F may be one reason for the observed binding free energy changes in the N37G mutant. Accordingly, the substrate binding for the Asn37-mutated enzymes is expected to be different from that for the wild type at or near subsites E and F, and the alteration in the time-courses of the mutants would be due to the difference in the binding free energy changes at subsites E and F between the wild type and mutant enzymes. It is known that an acceptor molecule binds to subsites E and F, affecting the high efficiency of transglycosylation. The change in substrate affinities at subsites E and F resulting from a subtle rearrangement of the specific interaction between the 37th residue and sugar residue at subsite F due to the mutation would cause the differences in the acceptor binding at subsites E and F between the wild type and mutant enzymes. Recently, we showed that the substitution of Arg114 in HEL with His, which is postulated to participate in sugar residue binding at the right-sided subsite F through hydrogen bonding, also decreased not only the binding free energies for subsites E and F, but also the rate constant of transglycosylation. 26) For the N37S mutant, however, the rate constant of transglycosylation was decreased as compared to HEL and the N37G mutant in spite of the increase in the binding free energy value for subsite F. In transglycosylation catalyzed by lysozyme, after formation of the C 1 carbonium ion (Fig. 1) , the substrate fragment occupying the subsites E and F must be released into medium and an acceptor molecule must be accommodated on these subsites. Thus, the increased binding free energy value for site F may affect the efficient binding of an incoming acceptor molecule to subsites E and F. Although direct structural information on the binding of the acceptor molecule in subsites E and F has not been obtained to date, it is speculated from our results that slightly altered topographies of subsites E and F may cause the differences in the substrate and acceptor binding at subsites E and F between the wild type and mutant enzymes, leading to lower the efficiency of the transglycosylation activities of the mutant proteins.
